BACKGROUND: Communication of an accurate and interpretable drug identifier between prescriber and pharmacist is critically important for realizing the potential benefits of electronic prescribing (e-prescribing) while minimizing its risk. The National Drug Code (NDC) is the most commonly used codified drug identifier in ambulatory care e-prescribing, but concerns have been raised regarding its use for this purpose.
METHODS:
We analyzed a sample of 49,997 e-prescriptions that were transmitted by ambulatory care prescribers to outlets of a national retail drugstore chain during a single day in April 2014. The First Databank MedKnowledge drug database was used as the primary reference data base to assess the frequency and types of NDC numbers in the e-prescription messages. The FDA's Comprehensive NDC Standard Product Labeling Data Elements File and the National Library of Medicine's RxNorm data file were used as secondary and tertiary references, respectively, to identify NDC numbers that could not be located in the primary reference file. Three experienced reviewers compared the free-text drug description that had been entered by the prescriber with the drug description corresponding to the NDC number from 1 of the 3 reference database files to identify discrepancies. Two licensed pharmacists with residency training and ambulatory care experience served as final adjudicators.
RESULTS: A total of 42,602 e-prescriptions contained a value in the NDC field, of which 42,335 (84.71%) were found in 1 of the 3 study reference databases and were thus considered to be valid NDC numbers. A total of 28,172 (67.70%) e-prescriptions in the sample were found to contain a representative NDC number, according to the definition used by the National Council for Prescription Drug Programs (NCPDP). The remaining e-prescriptions consisted of 4 subtypes of unrepresentative NDC numbers. In 41,298 (97.55%) e-prescriptions that contained an NDC number, the drug description associated with the number from 1 of the 3 data source files pointed to the identical semantic drug concept as the free-text drug description that had been entered by the prescriber. However, in 87 (0.21%) e-prescriptions, the free-text drug descriptions and the drug description associated with the NDC number pointed to completely different semantic drug concepts.
CONCLUSIONS: We found the use of NDC identifiers in our sample of e-prescriptions to be relatively high. However, approximately one-third consisted of unrepresentative NDC numbers (obsolete, repackaged, unit dose, or private label) that have the potential to create workflow disruptions at the dispensing pharmacy. Most disturbing was our finding that more than 2 out of every 1,000 e-prescriptions in our sample contained a free-text drug R E S E A R C H E lectronic prescribing (e-prescribing) can enhance the quality of patient care and improve prescriber and pharmacy productivity and workflow. [1] [2] [3] [4] Realizing the full potential of this transformative technology, however, continues to be a work in progress as key challenges remain. 5 Core among these is to ensure that the e-prescription message communicates a complete and unambiguous drug identity to receiving pharmacies that can be accurately interpreted by pharmacists and their computer systems. [5] [6] [7] [8] • Most of the more than 1 billion e-prescriptions issued each year in the ambulatory care setting are transmitted through Surescripts' clinical health information network using the NCPDP SCRIPT standard.
• National Drug Code (NDC) numbers are the predominant drug identifiers used in ambulatory care e-prescribing in the United States.
• Concerns about discrepancies between the free-text drug description and that implied by the NDC number have been expressed by prescribers and pharmacists.
What is already known about this subject
• The use of NDC identifiers in ambulatory e-prescribing is quantified.
• The proportion of valid and representative NDCs in ambulatory e-prescriptions is distinguished.
• The incidence and nature of discrepancies that exist between the free-text drug descriptions and the drug descriptions implied by NDCs are identified.
What this study adds
description that pointed to a completely different drug concept than that associated with its NDC value. Our study suggests the need for e-prescribing technology vendors to maintain accurate and up-to-date drug database files within their systems and to conduct regular validation checks to ensure that the drug descriptions associated with the NDC identifier and the freetext drug description that is sent in the e-prescription message point to the same drug concept. The FDA may need to consider a more active role in ensuring the accuracy of NDC assignment by drug manufacturers.
identifier or other drug identifier is transmitted, it is essential that the free-text drug description associated with the drug identifier and the required free-text drug description string that was entered or selected by the prescriber point to the same drug concept. 5, 13, 15 In practice, e-prescribing software applications often add an NDC or other drug identifier to the e-prescription message on the "back end" before it is transmitted to the pharmacy, sometimes without the knowledge of, or approval by, the prescribing clinician. Moreover, although the standard of practice dictates that pharmacists should review the free-text drug description that was selected or entered by the prescriber, some pharmacy computer systems prepopulate pharmacists' display screens with the drug description that is linked to the NDC identifier or other drug identifier to facilitate efficient processing.
The objectives of this study were to (a) assess the frequency of NDC identifier transmission in ambulatory e-prescribing; (b) characterize the type of NDC identifier transmitted (representative, repackaged, obsolete, private label, and unit dose); and (c) assess the level of agreement between drug descriptions corresponding to NDC identifiers in e-prescriptions and the free-text drug descriptions that were entered by prescribers.
■■ Methods Design and Data Source
Data for the study consisted of a random sample of e-prescriptions that were dispensed from pharmacies of a national retail drugstore chain on Monday, April 21, 2014. A Structured Query Language database query was used to randomly extract a sample of e-prescription records from the master pharmacy relational database repository. Data elements extracted for analysis included (a) individual pharmacy store identifier; (b) unique prescriber identifier; (c) free-text drug description; and (d) NDC value and corresponding qualifier value. Extracted data were de-identified by the pharmacy chain as defined by the Health Insurance Portability and Accountability Act Privacy Rule at 45 CFR §164.514 before they were provided to the research group for analysis. Prescriber identifiers were available only as unique numeric values. No clinical or demographic patient data were made available to the investigation team.
Most physician and pharmacy e-prescribing technology vendors use one of several commercially available drug database compendia for their clinical terminology needs. 5 The primary reference drug compendium used for this study was First Databank. Widely used by the e-prescribing industry and government agencies, the First Databank drug database includes an NDC attributes table that was used to distinguish and classify the different types of NDC numbers observed in the data sample. 12, 16, 17 Virtually all electronic prescriptions (e-prescriptions) issued in the ambulatory care setting in the United States use the SCRIPT standard, a message format maintained by the National Council for Prescription Drug Programs (NCPDP). The most widely used version of the SCRIPT standard, version 10.6, requires only the inclusion of a free-text drug description in the Drug segment of the message. While often transmitted concurrently with the free-text drug description, supplemental codified drug identifiers are not currently required for successful transmission of the e-prescription message. 9 The 1972 Drug Listing Act requires U.S. registered drug manufacturers to provide the U.S. Food and Drug Administration (FDA) with a current list of all drugs manufactured and commercially distributed along with their unique National Drug Code (NDC) identifiers. 10 Originally developed for Medicare outpatient drug reimbursement, NDC identifiers have subsequently been used for a variety of other purposes, including e-prescribing. 11, 12 But while the NDC is currently the primary codified drug identifier used in e-prescribing, concerns have been raised regarding its adequacy for this purpose, and alternatives have been proposed. 7, 13 In particular, concerns have been raised about the absence of an authoritative and up-to-date repository to identify and cross-reference NDC identifiers. 5, 7, 13 Although the FDA publishes manufacturersubmitted NDC numbers and corresponding drug information in the NDC Directory, this source has been criticized for being inaccurate and out-of-date due to incomplete submissions by manufacturers and delays in the entry of data. 7, 11 By definition, each NDC number is specific to a particular manufacturer/labeler, product, and associated packaging information. As a result, a single drug description concept (i.e., drug name, strength, and dosage form) may have multiple NDC numbers, which makes the NDC cumbersome and potentially confusing to implement in e-prescribing systems. 11, 14 In response to this recognized problem, the e-prescribing industry has adopted use of the "representative NDC number" in all e-prescribing transactions. The NCPDP's SCRIPT Implementation Recommendations document describes a representative NDC number as an 11-digit value that is intended to represent a category of medication irrespective of the package size and the manufacturer or labeler, thereby allowing the pharmacist flexibility and discretion to select the preferred product for a given patient. 15 A representative NDC number should be assigned only to a nationally available product, and it should not be 1 of 4 types of unrepresentative NDC numbers; i.e., repackaged, obsolete, private label, or unit dose. 15 If a representative NDC identifier is included in an e-prescription message, it is transmitted in the Drug Product Code field. If this field is populated, the SCRIPT standard also requires inclusion of a drug product code qualifier that indicates the type of identifier that is being transmitted (e.g., NDC, Universal Product Code, etc.). When a representative NDC In theory, the FDA's NDC Directory should include all drug products and corresponding NDC numbers that are manufactured and commercially distributed in the United States. We therefore used it as a secondary source to identify NDC numbers that could not be identified using the First Databank database.
In an effort to be exhaustive in attempting to match e-prescription NDC numbers, we used the National Library of Medicine's (NLM) RxNorm drug database as a tertiary source to identify any remaining NDC numbers that we were unable to match in either First Databank or the FDA's NDC Directory. The RxNorm database receives NDC data from 5 different commercial and government sources, including Gold Standard Drug Database, Multum MediSource Lexicon, FDA Structured Product Labeling (SPL), First Databank National Drug Data File (NDDF) Plus Source Vocabulary, and Veterans Health Administration National Drug File. 18 Thus, the 3 reference drug database source files that were used in this study were (a) First Databank's April 22, 2014, MedKnowledge (formerly NDDF Plus); (b) the July 7, 2014, FDA Comprehensive NDC SPL Data Elements File; and (c) the April 7, 2014, RxNorm release from the NLM. These were the most current versions of the database reference files available to the researchers at the time of this data analysis and review.
Incidence and Type of NDC Numbers in E-Prescriptions
All e-prescriptions in the study sample that contained a value in the Drug Product Code field and an "ND" value (denoting NDC) in the corresponding Qualifier field were identified. An attempt was then made to match the NDC number in each e-prescription to the identical code listed in each of the 3 compendia, beginning with the First Databank file. If a match was not found in First Databank, the FDA file was next searched to identify a match. If a match with the primary (First Databank) or secondary (FDA) file failed, the RxNorm file was searched to match remaining NDC numbers. The First Databank reference file also contained attributes that allowed the research team to classify NDC numbers as either representative or 1 of 4 unrepresentative subtypes for analyses. Because a similar NDC attributes table was not available in either the FDA or RxNorm reference files, NDC numbers that could not be identified using the First Databank file were not further subtyped.
Accuracy of Representative NDC Numbers in E-Prescriptions
Three members of the Surescripts Clinical Quality Team independently reviewed each e-prescription in the sample that contained an NDC number and compared the free-text drug description to that of the drug description corresponding to the NDC number from the reference database file that was used to identify it. Each of the reviewers is a certified pharmacy technician with more than 3 years of experience interpreting and processing e-prescriptions in the community practice setting. All had completed training under the supervision of the principal investigator to ensure proficiency. In cases where consensus was not achieved after independent review, the 3 reviewers discussed the e-prescription as a group in an attempt to reconcile differences. Two secondary reviewers-both licensed pharmacists with ambulatory care experience and residency training-served as final adjudicators in cases in which the 3 primary reviewers could not reach a consensus after discussion. The kappa coefficient using Light's approach for 3 reviewers was calculated to assess interrater agreement between reviewers. 19 
■■ Results
The final sample used in the analysis consisted of 49,977 e-prescriptions issued by 37,801 community-based prescribers practicing in all 50 U.S. states and the District of Columbia. Prescribers used 519 different e-prescribing software applications to generate e-prescriptions in the sample. E-prescriptions in the sample had been transmitted to 7,391 unique pharmacy store locations of a national drugstore chain.
NDC Identifier Incidence Rate
As illustrated in Figure 1 , 42,602 (85.24%) e-prescriptions in the sample contained a numeric value in the Drug Product Code field. Of these, all but 1 had a corresponding "ND" qualifier value in the corresponding Drug Product Code Qualifier field, thereby indicating an NDC number. Four e-prescriptions did not contain a numeric value in the Drug Product Code field but included only a qualifier value in the Drug Product Code Qualifier field.
Of the 42,602 e-prescriptions that contained a numeric value in the Drug Product Code field, 41,615 (97.68%) were matched to an NDC number from the First Databank source file. An additional 179 (0.21%) were matched to NDC numbers in the FDA file, and 541 (1.27%) of the remaining e-prescriptions were matched to NDC numbers in the RxNorm file. Thus, a total of 42,335 (84.71%) e-prescriptions in the original study sample were found to have valid NDC values. The remaining 267 (0.63%) e-prescriptions did not have numbers with a corresponding NDC match in any of our 3 reference databases, so those numbers were determined to be "invalid" NDC numbers.
Quality of NDC Identifiers in E-Prescriptions
Using the NDC attributes table available through First Databank, the 41,615 NDC values found in the First Databank file were classified by type (Table 1) . A total of 28,172 (67.70%) e-prescriptions in the sample were found to contain representative NDC numbers. The remaining 13,443 (32.30%) NDC values were determined to be nonrepresentative NDC numbers.
Most drug compendia maintain a list of obsolete NDC numbers for record keeping and reference purposes. Patient medication histories in e-prescribing software systems sometimes contain obsolete NDC numbers that may be used during e-prescribing. Although the FDA recommends that drug manufacturers wait a minimum of 5 years before reusing old NDC numbers, this guidance is not strictly followed, and 2 distinctly different drug products may have the same NDC identifier. 20 Repackaged drug and private label manufacturers have been known to arbitrarily assign or reuse NDC numbers, which are also considered nonrepresentative by the NCPDP. 20 Of the 13,443 nonrepresentative NDC numbers, 6,622 were classified as repackaged NDC numbers, 4,182 as obsolete NDC numbers, 2,239 as unit dose NDC numbers, and 400 as private label NDC numbers. 
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Agreement of NDC Descriptions with Free-Text Drug Descriptions
As illustrated in Table 2 , 41,298 (97.55%) e-prescriptions that contained an NDC number had a drug description associated with the NDC number that pointed to the identical semantic drug concept as the free-text drug description that had been entered by the prescriber. In 752 (1.78%) instances, mismatches between the free-text drug description and the NDC-associated drug descriptions were limited to brand versus generic distinctions for the same drug ingredient. In 29 (0.07%) instances, the dissimilarities between the free-text drug descriptions and the NDC-associated drug descriptions were due to differences in the drug brand name only.
There were 149 (0.35%) e-prescriptions where the drug description differences were due to unit dose package variances. In 87 (0.21%) e-prescriptions, the free-text drug description and the drug description associated with the NDC number pointed to completely different semantic drug concepts. Finally, the free-text drug descriptions sent in 20 (0.05%) e-prescriptions were incomplete and could not be assessed.
■■ Discussion
To our knowledge, this is the first rigorous empirical investigation of NDC usage in e-prescribing in the ambulatory practice setting. As expected, we found the use of NDC identifiers in our sample e-prescriptions to be relatively high at slightly more than 85%. Moreover, all but 267 (0.63%) NDC numbers in the assessed e-prescriptions were considered to be "valid," insofar as they could be successfully mapped to an identical NDC value in 1 of 3 source compendia that were used in the study, albeit not necessarily to the same drug concept.
Surprisingly, only 67.7% of e-prescriptions that contained an NDC number included a value considered to be a representative NDC number, according to the definition used by NCPDP. The remaining 32.3% were considered to be unrepresentative and were further classified by NDC subtype as obsolete, repackaged, unit dose, or private label NDC numbers. This finding is noteworthy because receipt of an unrepresentative NDC number by a dispensing pharmacy can cause workflow disruptions or physician callbacks, or can even result in a patient safety threat if the number is not in the receiving pharmacy's system or is associated with a different product. It is for this reason that NCPDP recommends that a repackaged, obsolete, private label, or unit dose NDC number not be used in e-prescribing unless it is the only NDC number available to identify that category of medication. 15, 20 Incorrect implementation of drug compendia drug identifiers by the e-prescribing technology vendors and the lack of regular updates to the drug database files by them or at their individual end-user practice sites may explain some of these observed data discrepancies.
In this study, 97.55% of e-prescriptions with valid NDC numbers had drug descriptions that matched to identical semantic drug concepts. The remaining 2.45% contained some level of mismatch. Our comparison of (required) free-text drug descriptions entered by prescribing clinicians and the drug description corresponding to (optional) NDC numbers that were concurrently transmitted in the e-prescription message supports previous research and substantial anecdotal reports from pharmacists regarding discrepancies between drug identifiers and free-text drug descriptions in e-prescriptions. [21] [22] [23] [24] [25] Some e-prescribing systems allow users to enter free-text drug descriptions or modify drug compendia/e-prescribing technology vendor-preferred drug description values upon selection, and industry-wide standardization of drug description is still lacking. 5 Our results indicate that 0.05% of the e-prescriptions contained a drug description that was incomplete and hence could not be accurately compared with the NDC-associated drug description.
Perhaps most disturbing was the finding that more than 2 e-prescriptions per thousand (0.21%) contained a free-text drug description that pointed to a completely different drug concept than that associated with its NDC number. Such discrepancies constitute a significantly greater threat to patient health and safety if not caught by the pharmacy staff or the pharmacist during the prescription fulfillment process than a mere brand versus generic or brand versus brand mismatch.
There are several possible explanations for discrepancies we observed between the free-text drug descriptions and those associated with NDC values that were transmitted in numbers and a significant proportion for which the free-text drug description entered by the prescriber did not match that implied by the NDC number. Most troubling was the finding that in 0.21% of cases (> 2 prescriptions per 1,000) the 2 drug descriptions pointed to completely different drug concepts. If this result is representative of the approximately 1 billion e-prescriptions that are transmitted each year in the ambulatory care setting, it is possible that as many as 2 million e-prescriptions could be affected.
To ensure accurate transmission of drug identity, e-prescribing technology vendors must maintain complete and up-to-date drug database files in their systems and ensure that patient medication histories are assigned current NDC identifiers on a regular basis. They should also conduct regular validation checks to ensure that the drug description associated with the NDC identifier and the free-text drug description that is sent in the e-prescription message point to the same drug concept before it is transmitted to the pharmacy. For their part, all commercial drug compendia must ensure that the drug identifier mappings they provide are accurate and include detailed implementation guidance to e-prescribing technology vendors that subscribe to their products and services. Finally, our study suggests that the role of the FDA in assigning the NDC numbers should be reconsidered vis-à-vis exclusive reliance on the drug manufacturers for this important task. our sample of e-prescriptions. Incorrect mapping of the NDC identifier to the free-text drug description by unauthorized personnel, either at the e-prescribing technology vendor or at the end-user practice site, is one possible source. Another possible source of variance is the inability of some e-prescribing systems to delink the "back end" NDC numbers added by the e-prescribing application when prescribers make modification to their initial drug description selection. Finally, incorrect assignment of NDC values by drug manufacturers represents yet another possible source for the observed discrepancies. This may suggest the need for the FDA to take a more active role in the assignment and regulation of NDC numbers to drug products as opposed to such complete reliance on the drug manufacturers to correctly perform this task.
Limitations
Several limitations of this analysis should be noted. First, our sample was limited to e-prescriptions received at pharmacies of 1 national retail drugstore chain during a single day and may therefore not be representative of all e-prescriptions that are issued in the ambulatory care setting. This potential limitation is mitigated by the fact that e-prescriptions in the sample were issued by a large number of geographically dispersed prescribers using more than 500 different e-prescribing software applications. Second, we did not directly compare the 3 reference NDC database files that were used in the study nor did we access other commercially available drug databases to determine the full scope of differences in NDC coverage that may exist. Such a comparison, however, does represent a potential area of future study, as differences clearly exist.
Third, the investigators used only 1 of the drug compendia, albeit a widely used one (First Databank), to match the majority of the drug concepts based on NDC numbers and free-text drug descriptions in the e-prescription message. We do not know which drug compendium may have been used by prescribers' software applications to generate study e-prescriptions, and it is possible there were drug description variances between the different drug compendia.
■■ Conclusions
The transmission of accurate and interpretable drug identifiers from prescribers to receiving pharmacies is essential to realize the full benefits of e-prescribing. At best, inaccurate drug identifiers can result in pharmacy workflow disruptions and inefficiencies. At worst, they may significantly threaten patient safety.
The NDC system is the most widely recognized and used drug identification system in e-prescribing, and our study found that most NDC values that are transmitted are valid. However, our analysis identified a number of limitations and shortcomings to the use of NDC numbers in e-prescribing. These included a large number of unrepresentative NDC
